Abstract On the basis of temperature observations at 60 meteorological stations in Poland, changes in the indices associated with the presence of extremely high air temperatures were examined. Indices associated with heat waves, such as the number of hot days (T max ≥30°C) in the summer months (June, July, August) and beyond the summer months (May, September), the number of extremely hot days (T max ≥35°C), the duration of the longest hot spell in the year, as well as the number of tropical nights (T min ≤20°C) were calculated. Spatial distribution of change rate in days per decade for the studied indices as well as the significance level of the observed trends is illustrated. Also current values of the studied indices (for 1991-2013) are examined and compared with the reference period, . For eight of 11 analysed indexes, increase has been detected in last decades with the help of the Mann-Kendall test at a significance level ≥0.05 or better, for a large group of stations. Statistically significant increases of the number of hot days in summer, the number of tropical nights in a year, and duration of the longest hot spell in summer were found for more than half of the stations. Distinct changes in the duration of heat waves were also noted. In 1961-1990, the longest hot spell lasted for 10 days while in 1991-2013, there were many hot spells longer than that, while the longest hot spell recorded in this period lasted for 17 days. Beyond summer, changes in the number of hot days were smaller. In May, a statistically significant increase was recorded for only three stations, while in September the downward trend was dominating and for eight stations it was statistically significant.
Introduction
Global warming has manifested itself in an increase of mean air temperature at various spatial scales, ranging from local to national, regional, continental, hemispheric, and global (Kundzewicz and Huang 2010 , Stanisławska et al. 2013 , IPCC 2013 . The globally averaged combined land and ocean surface temperature increased by about 0.85 [0.65 to 1.06]°C, over the period 1880 to 2012 (IPCC 2013) . A similar value of 0.8°C was calculated for the area of Poland in the second half of the twentieth century (cf. Fortuniak et al. 2001; Kożuchowski and Żmudzka 2001) . Changes of air temperature have considerable impacts, e.g. for agriculture (Graczyk and Kundzewicz 2015) . The changes in daily mean air temperature are accompanied by an increase of maximum and minimum values of air temperature for the whole globe estimated in the period 1979-2004 as about 0.30°C/decade for T min and about 0.29°C/decade for T max (Vose et al. 2005) . Similar values (increase of T min by 0.20-0.30°C/decade and of T max by 0.26°C/decade) were found by Kejna et al. (2009) for some regions of Poland in the period . As summarized in IPCC (2013) , the number of warm days and nights has increased on the global scale, while the frequency of heat waves has increased in many regions, therein large parts of Europe. Since the end of the nineteenth century, the length of summer heat waves over Western Europe has doubled and the frequency of hot days has almost trebled (Della-Marta et al. 2007) . Changes in hot indices have large impacts; hence their shifts raise considerable interest. Increase in the frequency of upcrossing of high temperature thresholds may adversely affect the environment, population, and economy. Hence, improving the insight and understanding of such changes is of considerable societal importance. In Poland, since the early 1990s, an increase in the number of hot days as well as ageing of the society (hence increase in its sensitivity to Bhot^ex-tremes) have been observed. Poland did not suffer much during the two most severe recent summer heat waves in Europe (in 2003 in Western Europe and in 2010 in Eastern Europe). During both of these summers, when regional and continental temperature records were broken, Poland was beyond the area of highest temperature. The present paper examines changes in indices of hot extremes in Poland in . Hot extremes are measured by such indices as the number of hot and extremely hot days in a year, duration of the longest hot spell in a year, and the number of tropical nights. Spatial distribution of changes in hot extremes in Poland and of amplitude and significance of these changes is presented.
Data
Although instrumental temperature measurements in Poland, like in other European countries, started around the end of the eighteenth century (Bryś and Bryś 2010) , due to historical reasons (armed conflicts, long lasting lack of independent state, and major changes of national boundaries before 1945), records of good quality daily meteorological data in Poland are shorter than in many European countries with more stable history. Polish Meteorological and Hydrological Service (the Institute of Meteorology and Water Management -State Research Institute, Polish acronym: IMGW-PIB) provided the CHASE-PL Project with time series of daily air temperature (mean, maximum, and minimum values) for meteorological stations in Poland. The basic criteria for selection of stations were (i) the length and completeness of the available time series of records and (ii) the spatial distribution of stations with the goal of covering the whole territory of Poland and its climate regions, in a possibly uniform way. Data were used only from stations with no gaps in observation series for the months of May-September, or else from stations with only a few gaps that could be supplemented with data from the archives of synoptic messages and meteorological yearbooks. This procedure of infilling the data was used only for gaps occurring for no more than 10 days in a year. The stations for which gaps extended to longer periods were abandoned even at the expense of worse coverage, e.g. in the north-eastern Poland.
The database consists of air temperature records at 60 1 stations in Poland, therein 53 for the time period 1951-2013.
Further eight stations have slightly shorter records, all ending in and starting, respectively, in 1952 (Rzeszów-Jasionka), 1954 (Nowy Sącz, Przemyśl), 1956 (Terespol), 1957 (Lesko), 1958 (Leszno-Strzyżewice), and 1961 . The spatial distribution of meteorological stations used in the present study is mapped in Fig. 1 . Precise information on the location of the mentioned stations can be found in Appendix 1. Monthly means of maximum and minimum daily temperatures for each of the analysed stations were examined for homogeneity. Four standard tests were used, namely standard normal homogeneity test (SNHT) (Alexandersson 1986 ), Pettitt's test (Pettitt 1979 ), Buishand's test (Buishand 1981) , and the Von Neumann ratio test (Von Neumann 1941) . Used tests and their interpretation were similar to those in Wijingaard et al. (2003) . It was acceptable to reject the null hypothesis of homogeneity (at the 0.05 level) only for one of the four used tests.
Methodology
In the analysis of air temperature extremes, among the most frequently used thresholds are values of 90th and 95th percentile of daily maximum temperature (c.f. Moberg and Jones 2005 , Nemec et al. 2013 , Alexander et al. 2006 , Erlat and Türkeş 2013 or arbitrarily defined values. In this study, definition of air temperature extremes was based upon an arbitrary assumption of thresholds for hot days and extremely hot days at the levels corresponding to the common understanding of these terms in the context of Polish climate: daily maximum temperatures of 30 and 35°C, respectively. Tropical nights were defined as those with minimum daily temperature in excess of 20°C. When selecting the indices, the authors considered various air temperature thresholds that had been used in previous climate research in Poland (cf. Koźmiński and Michalska 2011 , Kossowska-Cezak and Skrzypczuk 2011 , Cebulak and Limanówka 2007 , Graczyk and Kundzewicz 2014 .
Based on the thresholds defined above, four groups of indices of hot extremes were examined, namely as follows:
-Group of indices representing the number of hot days (with maximum temperature greater than or equal to 30°C). This group of indices can be subdivided seasonally, into the number of hot days in summer (for the whole summer: June to August; and for each of individual summer months: June, July, and August) and in non-summer months (May, September). -Group of indices describing hot spells (heat waves). One index is the number of days in a year occurring in a hot spell (of minimum three consecutive hot days).
Alternatively, the highest number of consecutive hot days in a year is examined. -Number of very hot days in a year (with maximum temperature greater than or equal to 35°C). -Number of tropical nights in a year (with minimum temperature greater than or equal to 20°C).
Time series of annual values of records of the above indices were analysed for each station for the complete time interval of records, in order to detect existing trends with the help of the Hydrospect 2.0 software (Radziejewski and Kundzewicz 2004) . The nonparametric Mann-Kendall test examined the rank statistics and was used to determine the significance level. Sign of the statistics of this test represents the direction of the trend; positive (upward) trend is marked on the maps in red and the negative (downward) trend is marked in blue.
The following threshold values of the significance level were used:
-Statistically significant trend at the level of 0.01 -Statistically significant trend at the level of 0.05 -Weaker trend at the significance level of 0.1 -Weak, statistically insignificant trend, at the level of 0.25 -Lack of even a weak tendency, with significance level >0.25.
Apart from trend detection in the complete data records, differences between values of indices in two [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] with the reference period or to take a shorter interval, 1991-2013, without overlap. The latter option is assumed here. The maps depicting the index values and the differences between the analysed periods were created with the help of ordinary kriging. This interpolation method is known as the best linear weighted sum of known observations to estimate an unknown value. The observations were selected from a dataset within a user-specified neighbourhood, assuming 5 and 12 as the minimum and the maximum numbers of (1963, 1992, 1994, 2006, 2010) are reviewed in more detail. Figure 2 illustrates the increasing trend in the spatial mean value of the number of hot days in a year (at all stations and for all intervals for which uninterrupted data sets are available, i.e. 60 stations in 1961-2013, 59 stations in 1958-1960, 58 stations in 1956-1957, 55 stations in 1954-1955, 54 stations in 1952-1953, and 53 stations in 1951) . Five of the 6 years with the highest number of hot days appeared after 1990. A period of about 20 years (1970s and 1980s) with less frequent occurrence of hot days is also clearly visible. The values of significance levels of the Mann-Kendall test were, respectively, 0.0062 for all stations and 0.0070 for the stations with the complete observation period, 1951-2013. Hence, for both cases, the changes were statistically significant at α = 0.01 level. Figure 3 illustrates the spatial distribution of the number of hot days (with Tmax ≥30°C) in 5 years with hottest summers. The hottest summer in the whole country scale occurred in 1994, when almost in the whole country more than 16 hot days were recorded, while in the south-western Poland the number of hot days exceeded 20. The year 2006 gave the way slightly, as more than 16 hot days were observed on a smaller area, but in a part of the Wielkopolska region even 26 hot days were observed. More than 20 hot days were also observed in 1992, on a small area though. During the heat waves of 2010 and 1963, the highest number of hot days was observed in the east of Poland, but then the number of days did not exceed 18. Due to a lack of data, the hot summer of 2015 (with hottest August on record for much of Poland) could not be included. Figure 4a maps the long-term mean of the number of hot days (T max ≥ 30°C) in summer (JJA) for the time period 1991-2013. The range extends from less than one to more than 10 days per year. The lowest numbers were observed in Zakopane (at the foothills of the high Tatra Mountains) and in the Baltic Sea coast, while the highest numbers were observed in the south and in the west of the country.
Results

Changes in frequency of hot days
(a) (b) Figure 4b illustrates the difference between the number of hot days (T max ≥ 30°C) in summer, in 1991-2013 and in 1961-1990 . After 1990, a large increase of the number of hot days was noted. The frequency has doubled for almost half of the stations, including nearly every station in the southern and eastern parts of the country. Figure 5a illustrates the spatial distribution of statistical significance of trend (Mann-Kendall test) for the whole summer. Most stations (36 of 60) show a statistically significant upward trend, indicating increase of the number of hot days. There are no stations with decreasing trends. When analysing particular months, 20 stations showed statistically significant increases in July (less so in August and June). The number of hot days in May and September is low and does not exceed 1 day in a year, on average. In May (Fig. 5e) , there are increases at 44 stations and decreasing tendency at some stations, but there are statistically significant increases only in three cases. In contrast, in September (Fig. 5f ), there are 39 decreases, therein eight are statistically significant.
For some indices, a statistically significant upward trend comes together with a large rate of change of the value of indices per decade (Fig. 6) . For 40 stations, the number of hot days in summer (Fig. 6a ) increased in the analysed period at a rate above 0.5 day per decade and for 12 stations at a rate exceeding 1 day per decade. For the summer months ( Fig. 6b-d ), changes were less visible for June, exceeding the value of 0.2 day per decade for only eight stations. The number of hot days in July increased much faster, exceeding 0.5 day per decade for 20 stations and 0.4 day per decade for another 17 stations. The number of hot days in August grew fast for most stations (31) with a rate of 0.1-0.3 day per decade. In the non-summer months 2013 and 1961-1990 ( Fig. 6e-f) , the rate of the upward trend for May and the downward trend for September exceeded 0.1 day per decade only for a few stations.
Heat wave indices
The mean number of hot days (with maximum temperature greater than or equal to 30°C) occurring in a heat wave, also called hot spell (of minimum three consecutive hot days), in a year from the interval 1991-2013 range from 0.5 per year at the Baltic coast and in Zakopane to more than five in the south and west (Fig. 7a) . A mean value below 3 days can be interpreted that the frequency of heat waves is, on average, less than once a year. The difference between 1991-2013 and 1961-1990 is positive at all stations, mostly exceeding 1 day per year and for half of stations, reaching 2 days per year or more (Fig. 7b) . For stations in the south and the east, there were cases of trebling the number of consecutive hot days. Before 1990, at stations located at the Baltic coast, a series of three consecutive hot days had not occurred.
The statistical significance of trend (Mann-Kendall test) of the number of hot days occurring in a hot spell (of minimum three consecutive hot days) for the whole record shows upward trends for 56 of 57 stations. In 22 cases, this trend is statistically significant at least at the 0.05 level (Fig. 8a) . The rate of change of this index, measured by linear trend exceeded 0.5 day per decade for almost half of the analysed stations (29) including stations for which Mann-Kendall test indicate statistical significance of changes (Fig. 8b) . For further 15 locations, the change was in the range of 0.25-0.5 per decade.
For a large group of stations, a statistically significant increasing trend was detected in the duration of the longest interval of consecutive hot days in a year (Fig. 9a) . For 30 stations, the increasing trend was statistically significant at the level of α ≤ 0.05, including 10 stations with α ≤ 0.01. For almost 2/3 of stations, the longest period of hot days in a year increased at a rate higher than 0.25 day per decade (Fig. 9b) . Figure 10 illustrates the frequency of heat waves of varying lengths for both analysed multi-year intervals. When comparing histograms of distribution of duration (a) (b) 2013 and 1961-1990 of heat waves in 1991-2013 vs 1961-1990 , one can see that the frequency has shifted towards the longer durations. The contributions of hot spells of duration of 3 days (as well as of duration of 7 days) have decreased, while there is a higher frequency for all other durations. Despite the smaller number of years in the period 1991-2013, the absolute number of heat waves is greater for all classes of heat wave duration. In the years 1961-1990, the duration of the longest heat wave reached 10 days, while after 1990 the longest hot spell lasted for 17 days.
Changes in the number of extremely hot days
The number of extremely hot days (with maximum temperature greater than or equal to 35°C) refers to a rarely occurring phenomenon. For 13 of the analysed stations, there is, on average, less than one occurrence per decade, while for 21 stations, such a temperature threshold is exceeded more than once in 2 years and for one station more than once per year (Fig. 11a) . The value of this index has increased between 1961-1990 and 1991-2013 in the whole country. Even if the absolute increase (in days) is not high, the frequency has considerably increased (Fig. 11b) .
Analysis of statistical significance of the trend (Mann-Kendall test) for the whole record shows upward trends for 43 stations; therein, for 13 stations located mainly in the south-western part of the country, trends are statistically significant at the 0.05 level (Fig. 12a) . Due to the rare occurrence of extremely hot days, even for stations where the change was statistically significant, the rate of decadal changes in the value of the index (Fig. 12b) 
Tropical nights
The number of tropical nights has also increased. However, occurrence of a tropical night is still a relatively rare phenomenon (Fig. 13a) . At stations in the east, tropical nights do not occur more frequently than once per decade. Most frequently, tropical nights occur in Zielona Góra (on average 2.7 nights per year). For all stations, the value of the index increased after 1990 (i. e. when compared between 1961 and 1990 and 1991-2013) . The highest increase was observed at stations where the number of tropical nights is the highest (Fig. 13b) .
For 55 out of 56 stations, the Mann-Kendall test indicated existence of an upward trend, while for 32 stations the trend was statistically significant at least at the 0.05 level (Fig. 14a) . Despite the existence of a statistically significant upward trend for more than half of the stations, due to rare occurrence of tropical nights, for no station the increase exceeds 0.4 nights per decade and only for 10 stations it is greater than the 0.2 nights per decade (Fig. 14b) . Table 1 presents the synthesis of results, illustrating the number of stations with changes at significance levels of 0.01, 0.05, and 0.1. Most persuading results have been observed for the number of hot days in summer (36 increases at a significance level of α ≤ 0.05), for the number of tropical nights (32 increases at a significance level of α ≤ 0.05), and for the longest hot spell (30 increases at a significance level of α ≤ 0.05). Statistically significant decreasing trends were observed only for the number of hot days in September (eight stations).
Synthesis
Discussions and conclusions
Analysis of changes in occurrence of hot air temperature extremes in Poland showed visible changes in the frequency of their occurrence in recent decades for eight of 11 examined indices presented in Table 1 .
For a large number of stations, the observed changes in the number of hot days (with T max ≥ 30°C) were confirmed by Mann-Kendall test, most frequently in relation to annual or to seasonal (summer) data, and less frequently for individual months.
Relatively large changes were found for the rare extremes that occur with frequency of once per year or less, such as the number of tropical nights (with T min ≥ 20°C) and the number of extremely hot days (with T max ≥ 35°C). For numerous stations over the whole area of research, Mann-Kendall test confirms statistically significant changes in the number of tropical nights between the periods 1961-1990 and 1991-2013 . Statistically significant increasing trend of the number of extremely hot days was confirmed only for about a quarter of stations located mostly in south-west of Poland.
There are still no clear changes in occurrence of hot days in non-summer months. In May, one can spot an increasing track (but statistical significance holds for a single station only), but in September, a statistically significant decreasing trend is detected for eight stations.
Presented results are in line with previously published research indicating an increase of Bhot^extremes for the whole Europe (Yan et al. 2002) , as well as for regions and particular countries (Croitoru and Piticar 2012 , El Kenawy et al. 2011 , Hundecha and Bardossy 2005 . These studies dealt with time series of records commencing in the mid-twentieth century Konnen 2003, Nemec et al. 2013 ) and earlier (Moberg and Jones 2005) . Some records began in the nineteenth century (Della-Marta 2007 , Yan et al. 2002 .
In comparison to previous works for the area of Poland, embracing the periods of 1986-2009 (Koźmiński and Michalska 2011 ) and 1951 -2006 (Wibig 2012 , this work offers stronger findings. Observed changes have been statistically significant for a larger number of stations and in regions where changes have not been statistically significant for shorter series that ended earlier. Stronger trends for change detection in time series of Bhot^extremes in Poland that ended in recent years are caused by more frequent occurrences of very hot summers in last decades that are also described in other studies at the European and regional scale Kossowska-Cezak 2013, 2015; Shevchenko et al. 2014) .
A clear increase of part of indices that has not always been rated as statistically significant by tests might be a consequence of the adopted reference period (WMO standard normal) when several years had lower maximum temperatures in summer (cf. Fig. 2 ). This is not a local phenomenon, because it has also occurred in the Mediterranean region and Turkey (Xoplaki et al. 2003, Erlat and Türkeş 2013) .
Detection of no statistically significant increasing trend in some indices as well as detection of a significant decreasing trend in the number of days with T max ≥30°C in September in part of the stations has been also reported in Austria (Nemec et al. 2013 ) and in Germany (Hundecha and Bardossy 2005) . 
